Abstract: This paper presents a simulation of two-element microstrip antenna array fed by a Butler matrix over electromagnetic bandgap (EBG) substrate. The proposed structure represents a simple smart antenna system working in the ISM band at 5.8 GHz. Small size antenna arrays over high dielectric substrates place the study of mutual coupling problem in an important priority, as it affects the performance of the system. To compensate for mutual coupling effect, mushroom-like EBG structure is used due its winning features. EBG cells are inserted between the two antennas to reduce the mutual coupling effect and to increase the array gain. The performance of the structure with conventional substrate of relative permittivity ε r = 10.2 is compared to that with EBG substrate. The simulation results show that changing the number of EBG columns and rows affects the value of mutual coupling reduction and gain enhancement. Results also indicate that the optimum dimensions of the EBG structure depend on the number of EBG columns and rows. A 26 dB reduction of mutual coupling is achieved by using 3 columns and 5 rows of EBG structure. Also, a 1.5 dB improvement of array gain is obtained for the case of 3 columns and 7 rows.
Introduction
Over the last two decades smart antenna technologies, referred to as Multiple Input Single Output (MISO) or Single Input Multiple Output (SIMO), have received much attention. A smart antenna system combines antenna arrays with digital signal processing units in order to improve reception and emission radiation patterns dynamically in response to the signal environment. It can increase channel capacity, extend coverage range, steer multiple beams to track many mobiles, compensate aperture distortion or reduce multipath fading and cochannel interference. A switched beam system is one of the main groups of smart antennas. It forms multiple fixed beams with hightend sensitivity in particular directions [1] . The antenna array of the switched multiple beam system is fed by Butler matrix, due to its advantages such as easy implementation and small path length and number of components [2] . Microstrip antennas are widely used as the array elements of smart antenna systems that are used in small mobile terminals. Applications of microstrip antennas on high dielectric constant substrates are of special interest due to their compact size and conformability with monolithic microwave integrated circuit (MMIC). However, the utilization of a high dielectric constant substrate has some drawbacks. One of these is the generation of pronounced surface waves that increases the mutual coupling between array elements. The mutual coupling degrades the performance of communication systems which causes the blind angle of a scanning array [3, 4, and 5] .
Several methods have been proposed to reduce the effects of surface waves. One suggested approach is the synthesized substrate that lowers the effective dielectric constant of the substrate either under or around the patch. Another approach is to use a reduced surface wave patch antenna [3] . In recent years, there has been growing interest in utilizing EBG structures in electromagnetic and antenna community to improve the antenna performance. The EBG terminology has been suggested based on photonic band-gap (PBG) phenomena in optics that are realized by periodical structures [3, 5] . As stated in [3, 5] there are diverse forms of EBG structures. The mushroom-like EBG structure has a wining feature of compactness, which is important in the suppression of surface waves propagation, which helps to reduce the mutual coupling in mirostrip antenna arrays. Tan et al provide in [6] significant guidelines in enhancing the performance of the antenna array integrated with mushroom-like EBG. Their results show that not all EBG structures are suitable to improve the performance of the array and in some cases it becomes worse when the EBG is inserted between the microstrip patches. The selection of the size of EBG, the number of columns and spacing between the patches play an important role to improve the performance of the antenna array.
In this paper, a two-element microstrip antenna array fed by a Butler matrix over an EBG substrate is proposed, as shown in Fig. 1 -a. The design of mushroom-like EBG is started by calculating its dimensions theoretically using equations given in [3, 5] . Then, optimizing these dimensions by using Ansoft designer simulator -based on MoM -according to steps stated in [6] . This optimization is done by varying EBG dimensions, number of EBG columns and number of EBG rows, to achieve optimum mutual coupling reduction and gain enhancement.
The paper is organized as follows: In section 2, the design of single microstrip patch antenna with inset feed is presented. Section 3 introduces the design of 2×2 Butler matrix. Design of the mushroom-like EBG structure is discussed in section 4. The effect of mutual coupling on the performance of two-element microstrip antenna array is analyzed in section 5. The effect of mutual coupling on the performance of two-element microstrip antenna array fed by a Butler matrix is provided in section 6. Conclusion is reported in section 7.
Design of Microstrip Patch Antenna
Microstrip patch antennas are suitable for direct integration with microstrip circuits, since it can be etched on the same substrate. Inset feed microstrip line is used here as it is suitable to arrays where the feed network can be printed with the elements. Fig. 1-b. shows the geometry of this antenna designed at the operating frequency 5.8 GHz. Ground and patch are made of copper. The dielectric material of the substrate is Rogers RT/duroid 6010/6010LM with dielectric constant ε r = 10.2, dielectric loss tangent tanδ = 0.0023 and thickness h = 1.27 mm. Theoretical design of the microstrip antenna has been done by a MATLAB program using equations given in [1] , while the feeding microstrip line has been designed by microwave office (MWO)-TXLINE software. Then design and optimization of the microstrip antenna has been performed by Ansoft Designer with mesh frequency 8 GHz.
During design optimization, a good impedance matching is obtained at the operating frequency 5.8 GHz as seen in Figure 2 . The optimized antenna parameters are: patch width Paper: ASAT-14-240-AV 3 W p = 10.9 mm, patch length L p = 7.66 mm, feed width W f = 1.2 mm, feed length L f = 10 mm, gap width W o = 1.257 mm and inset length y o = 2.8 mm. Fig. 2 -a shows the input return loss S 11 , where its minimum value equals -92.36 dB at 5.8 GHz, and at a reference S 11 = -10 dB, the bandwidth of the antenna is found to be BW = 76 MHz (1.31%). Input impedance is shown in Fig. 2 -b, where its value at 5.8 GHz is 50 Ω. The radiation pattern at 5.8 GHz is shown in Fig. 3 , with antenna gain of 4.47 dB at broadside.
2×2 Butler Matrix Design
The Butler matrix is designed and realized with microstrip technology to feed the antenna array of the proposed structure at frequency 5.8 GHz. A 2×2 butler matrix creates two orthogonal beams in space by processing the signal from the two antenna elements of an equispaced linear array. This Butler matrix is realized using one 3 dB, 90º hybrid coupler. The power applied at a port of the hybrid is evenly distributed between the ports located on the opposite side of it. There is a 90º phase difference between these two ports; the port closer to the input port is leading in phase by 90º. The port located on the same side as the input port is isolated since there is no power reaching it [7] . With the help of MWO-TXLINE software, the hybrid dimensions have been calculated according to the theoretical design in Fig. 4a . The coupler design has been optimized using Ansoft designer to obtain the desired performance, as shown in Fig. 4b . Simulation has been done under the same conditions used in the design of the antenna. The results when input signal is applied to port (1) while port (4) is matched are given in Fig. 5 . As expected the phase difference between port 3 and port 2 is approximately -90º and the magnitudes of S 21 and S 31 are -4.56 dB and -3.52 dB respectively (near 3 dB). Similar results have been found when input is applied to port (4) and port (1) is matched, but with approximately +90º phase difference between port 3 and port 2.
Design of Mushroom-Like EBG Structure
The mushroom-like EBG structure was first proposed in [8] . It consists of four parts: a metal ground plane, a dielectric substrate, periodic metal patches on top of the substrate, and vertical vias connecting the patches to the ground plane. This EBG structure exhibits a distinct stopband for surface-wave propagation. The operation mechanism of this EBG structure can be modeled as an LC filter array as illustrated in Fig. 6 : the inductor L results from the current flowing through the vias, and the capacitor C is due to the gap effect between the adjacent patches. For an EBG structure with patch width W, gap width g, substrate thickness h and dielectric constant ε r, the values of the inductance L and the capacitance C are [3, 5, and 6] :
Using L and C, the central frequency of the band gap and the band width can be calculated by:
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where η is the free space impedance which is 120π.
These formulations are very simple; however, their results are not very accurate. For example, this model does not consider the via's radius information. There is another accurate but complex model to identify the band gap features, using the theory of transmission lines and periodic circuits [5] . In spite of that, the effect of via radius is not critical here as its value is small compared to the EBG patch dimensions.
There are four methods to characterize the EBG structure: Reflection phase method [5] , suspended microstrip [9] , driven mode dispersion diagram and eigenmode dispersion diagram [10] . The driven mode dispersion diagram is simple in simulation and has a good agreement with the eigenmode dispersion diagram. For this reason it is used to design the EBG structure either by using Ansoft designer or HFSS simulators. After many trials, it has been found that these methods may not give the required performance of the EBG structure in terms of mutual coupling reduction and antenna array gain enhancement. However, these methods can give an initial estimate for the EBG dimensions which is near to the values given by the simple LC model. Then, the optimum EBG dimensions are parametrically studied and optimized to achieve the required performance.
The EBG design starts with calculating its dimensions using the LC model formulas (1 -4) . The initial dimensions of EBG structure is: W = 3.6 mm and g = 0.2 mm; that gives a band gap of (5.27 -6.13) GHz which includes 5.8 GHz. A parametric study is done in section 5 to obtain the exact dimensions of EBG structure starting with the obtained initial values by varying EBG patch width W, spacing between EBG patches g, radius of via r, number of EBG rows and number of EBG columns.
Effect of Mutual Coupling on the Performance of Two Elements Microstrip Antenna Array
The array is a two identical inset fed microstrip patch antennas separated by a distance λ o /2 (approximately 26 mm) where λ o is the design wavelength. This distance is from center to center of the antennas, Fig. 1 -a. The two patches are H-coupled as it is suitable for use with beamforming networks like Butler matrix. To study the mutual coupling between the two elements, the array is fed directly without Butler matrix. Hence, the design of the EBG is optimized by minimizing the mutual coupling effect (S 21 ), so that this design can be used in section 6.
Simulation of the proposed array is done in two steps. First, it is simulated without using EBG structure. The simulation has been done by Ansoft designer using the same design parameters in the previous sections. The scattering parameters S 11 and S 21 at 5.8 GHz are -19.79 dB and -19.57 dB respectively. The gain of the array is 6.37 dB. Then, simulation has been repeated with the same design conditions after inserting EBG structure columns between the patches. The simulation starts by fixing the number of columns (1, 2 and 3) and vary the number of rows (5, 6 and 7). EBG structure dimensions are optimized to give the best mutual coupling reduction and array gain.
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The simulation results are listed in table 1 and are shown in Fig. 7 . From the table, it is seen that each case has a different optimized EBG structure dimensions that are near to that calculated in section 4. Increasing the number of columns keeping the same number of rows tends to increase the gain and the mutual coupling reduction. However, there is a limit for the possible number of allocable columns between the antennas, which is 3 columns in our case. It is also noticed that increasing the number of rows keeping the same number of columns, tends to increase the gain but decrease the mutual coupling reduction. The maximum mutual coupling reduction is 26.1 dB (133.3%) and the corresponding enhanced gain is 1.73 dB (27.15%), for the case of 3 columns and 5 rows. While using 3 columns and 7 rows gives maximum gain enhancement of 2.3 dB (29.2%) with mutual coupling reduction of 5.72 dB (36.23%). It can be seen that the optimum EBG patch width increases with increasing the number of columns and rows, which indicates that each case has a different design.
Effect of Mutual Coupling on the Performance of Two-Element Microstrip Antenna Array Fed by a Butler Matrix
The aim of this section is to study the impact of mutual coupling reduction on the performance of the proposed structure in terms of the array gain and the main beam angle. The analysis here is based on the optimum design parameters listed in Table 1 , and the optimum dimensions of Butler matrix simulated in section 3. This analysis is divided into 3 steps. Firstly, neglecting mutual coupling effect, the radiation pattern of the proposed structure is simply obtained by multiplication of the radiation pattern of the single microstrip antenna (element pattern) by the array factor. The element pattern is obtained in section 2 and shown in Fig. 3 . The array factor of the proposed structure is calculated taking into account the phase shifts between the two array inputs from left to right are -90º and 90º [4] . Next, gain and angle of the main beam of the proposed structure are calculated taking into account mutual coupling effect with conventional substrate, where the whole structure is simulated as a single unit. The simulation is done for the two cases of the phase shift stated in section 3. Finally, the second step is repeated but with employing the EBG substrate.
The calculated and simulated results are shown in Table 2 and illustrated in Fig. 8 . It is obvious that the gain of the proposed structure is enhanced with increasing number of EBG structure columns and rows in comparison with conventional structure. The gain is increased by 1.52 dB (25.5%) and 1.45 dB (24.2%) for input phase shifts -90º and 90º respectively, for the case of 3 columns and 7 rows. Moreover, maximum gain achieved by the proposed structure exceeds the ideal case by approximately 0.9 dB (13.6%). It is also noted that the mutual coupling affects the main beam angle by a shift of ± (0.4º -1.6º).
Conclusion
In this paper, a Butler matrix fed two-element microstrip antenna array over EBG structure is designed and simulated using Ansoft Designer v4. The mushroom-like EBG structure has a winning feature of compactness in this proposed structure. The results verify that there are no fixed optimum dimensions for the EBG structure but every case has its own parameters that give the best mutual coupling reduction and enhanced gain. Furthermore, it is found that mutual coupling should be taken into account, otherwise misleading results are obtained. Mutual coupling decreases the array gain by approximately 9% (0.6 dB) w.r.t. the ideal case neglecting mutual coupling. Use of mushroom-like EBG structure reduces the mutual coupling by more than 29.2% (5.72 dB) and improves the gain by around 25.5% (1.5 dB).
The main beam angle is slightly affected mutual coupling by approximately ± (0.4º -1.6º). 
